Abstract-After much initial controversy over the past 20 years, the mechanism of charge-transfer in DNA is now moving towards a consensus view in the chemistry community that the dominant charge-transfer mechanism appears to be distance-dependent coherent tunnelling through unit-step and weak-distancedependent thermal hopping through multi-step. Contrary to the consensus in the chemistry society, the problem of whether DNA is conducting or insulating remains to be hotly debated among physics groups due to the disparate experimental results varying from conductor to insulator. The study of DNA electronic properties requires an efficient way to accurately position and individually manipulate DNA molecules. The recent development of Atomic Force Microscopy (AFM) based nano-robotics seems to be a promising solution. In this research, the DNA molecules are positioned onto a pair of electrodes by a nano-robotic tool. The electrical properties of DNA are studied under controlled conditions.
I. INTRODUCTION
ecently, DNA has drawn much attention in engineering applications because of its appealing features for use in nanotechnology: it's minuscule size [1] and its inherent self-assembly nature. The desire to use DNA as the ultimate building blocks of electronic circuits has motivated the studies on DNA electrical properties and DNA manipulation. After much initial controversy over the past 20 years, the mechanism of charge-transfer along DNA is now moving towards a consensus view in the chemistry community [2] . The dominant charge-transfer mechanism in DNA appears to be distance-dependent coherent tunnelling through unit-step and weak-distance-dependent thermal hopping through multi-step [3] . Both charge-tunnelling and thermal-hopping have been verified in ref. [4] . Contrary to the consensus in the chemistry society, the problem of whether DNA is conducting or insulating remains to be hotly debated among physics groups due to the disparate experimental results. A lot of experiments have been performed to measure the conductivity of DNA. Most indirect results suggest that DNA is a good conductor [5, 6] . In direct measurement (with physical contact), the results are even more controversial. Some results suggest that DNA is a good conductive molecule wire [7] or even a super conductor at low temperature [8] ; some report that DNA is a semi-conductor [9, 10] ; while others find that DNA behaves as an insulator [11, 12] .
Due in large part to the difficulty of individually connecting a single DNA molecule to an electrode, the results of almost all experiments are not repeatable. The only way to obtain a reliable measurement result is to make the experimental process repeatable and under controlled conditions. This paper mainly addresses the development of reliable techniques to manipulate DNA molecules and study DNA electrical properties in a reproducible and controlled way.
II. FABRICATION OF ELECTRODES
In order to verify the distance dependence of DNA conductivity, a series of electrodes with gaps from 50 nm to 2 μm were fabricated on transparent substrates such as quartz. The advantage of quartz substrate is its transparency for easily locating the electrodes through an inverted optical microscope. Gold (Au) microelectrodes with gap distances around 2 m can be fabricated using a 5 m gap distance mask design by over-developing technique during image reversal process. The fabrication process is shown in Figure 1 . The process starts with a transparent quartz substrate (500 m). A 1.5 m thick photoresist (AZ5214E) is spun on and patterned by an AB-M mask aligner as shown in Figure 1 (a). The exposed areas are developed by AZ300 developer according to Figure 1(b) . Then, a Gold (20 nm)/Titanium (2 nm) layer is deposited by an Edward Auto306 thermal evaporator as shown in Figure 1(c) . The titanium layer is used to promote the adhesion between the gold and quartz substrate. This layer is patterned by lift-off process. The photoresist underneath this layer is etched by acetone as shown in Figure 1(d) . A pair of electrodes with gap of 1.5 μm fabricated by this method is shown in Fig. 2(a) .
The typical fabrication process, however, is very difficult to fabricate electrode pair with gap smaller than 500 nm. In this case, the AFM itself can serve as a nanolithography tool. By controlling the AFM tip through a haptic joystick to cut the electrode to make a gap, a very small electrode gap can be made on the gold coated surface . Fig 2(b) shows that a 60 nm gap can be made by inscribing the AFM tip into the gold coated electrode.
III. SUBSTRATE SURFACE MODIFICATION
Previous study shows that the heavy water adsorption of DNA molecules, due to the negatively charged backbone of the DNA helix structure, causes a strong adhesive force between DNA molecules and a hydrophilic surface. The strong adhesive force may destroy the double helix structure of the DNA molecules. By measuring the height of a single DNA molecule, it has been found that there is very large compression deformation of the deposited DNA on the most common used substrates such as mica and silicon oxide surface [13] . In ref. [14] , the thickness of DNA molecules on the substrates treated by pentylamine is nearly 2.4 nm comparing to the thickness of 1.1 nm on a clean substrate. Using atomic force microscopy (AFM) in spreading resistance mode, DNA was found insulating on clean substrate but conductive on treated substrate. The quartz surface is hydrophilic, which is not suitable for deposition of DNA on it. Therefore, special treatment such as hydophobization is necessary after electrode fabrication to avoid the compression deformation. The hydrophobic surface keeps DNA molecules in their original shape without strong compression.
The process of hydophobization goes as follows: (1) UV light for 15 minutes to remove the organic materials on the sample surface; (2) Sample surfaces are soaked in concentrated NH 4 OH for 1 hour and wash 5 times by ultrasonication in distilled DI water (18 Mȍ*cm); (3) The surfaces are then dried for 1 hour at 140 ºC and placed directly in methanol to keep the surface free from water vapor and other unwanted adsorbates; (4) The surfaces are then silanized by immersion in a 5 mM n-octadecyltrimethoxysilane solution in heptane for 24 hours; (5) The silanized surfaces are washed 3 times with heptane to remove unreacted silane materials; (6) The treated surfaces are then heated at 70 ºC for 1 hour; (7) After the coating, the treated surface are rinsed with acetone to remove any unreacted silane and then stored in methanol until used.
IV. DNA SAMPLE PREPARATION
In the study of DNA electrical conductivity, most researchers use commercial DNA samples with identical length and identical base-pair sequence such as Ȝ-Phage DNA. However, this may cause problems since DNA has almost unlimited base-pair sequences in nature and the nature of the sequence and length may affect its electrical conductivity. Another problem for the commercial DNAs is that they are stored in Tris-HCl and EDTA (ethylenediaminetetraacetic acid) solvent. These chemicals inevitably affect the electrical properties. Therefore, instead of using commercial DNA samples, raw DNA samples with random length and random base-pair sequences are used in this research. The DNA sample was collected from mature seeds of rice species without restriction (cutting), therefore, some DNA molecules still keep their original length (Department of Plant Biology at Michigan State University).
The DNA sample suspending in DI water was dropped onto electrodes and then an AC voltage was applied across the electrodes for several seconds. The purpose of AC voltage applied on the electrodes is to help the deposition of DNA by dielectrophoresis, a method often used to attract small particles close the electrodes. After deposition of DNA, the chip was blow-dried by nitrogen. The chip was checked by AFM to make sure the drying process does not damage or remove the deposited DNA. Further manipulation by the nano-robotic system is often necessary to guarantee a proper contact between DNA and the electrodes, which is discussed in the following section.
V. MANIPULATION OF DNA
In this study, the DNA molecules are manipulated by an AFM based nano-robotic system developed in our previous work [15, 16] . The nano-robotic system is enhanced by augmented reality including both visual and force feedback as shown in Figure 3 . The nano-robotic system includes two subsystems which are connected through Ethernet: the AFM system and the augmented reality interface.
The AFM system (Bioscope, Veeco Instruments) is equipped with a scanner with a maximum X×Y scan range of 90×90 μm and a Z scan range of 5 μm. Peripheral devices include an optical microscope, a Charge Coupled Device (CCD) camera, and a signal access module through which most real-time signals inside the AFM system are accessible. The inverted optical microscope and the CCD camera help the operator to locate the tip, point the laser beam to the cantilever, and search for the interesting areas on samples.
The augmented reality interface is generated by a computer with a haptic device (Phantom™ from SensAble Co.) installed. Through the signal access module, the signals of the deflection and the twisting of the cantilever flow directly into an A/D converter card inside another computer. The augmented reality interface provides enhanced media for the operator to view the real-time AFM image at video frame rate and feel the force feedback during nanomanipulation. The real-time visual display is a dynamic AFM image of the operating environment which is locally updated based on the pre-acquired environment information, tip-object interaction model, nano-objects' behavior models, real-time force information, and local scanning information. The visual interface is split into two windows. One window is designed for the command and parameters input as well as the locally updated real-time AFM image in two dimensions. The two dimensional image provides an accurate tip position display relative to the surface on the working plane. Another window is the three dimensional display of the real-time AFM image, which is developed based on OpenGL graphic technology. The three dimensional display provides a reality interface, which can emulate the work environment more precisely and vividly. As shown in Figure 3 , the Phantom™ haptic device serves as the force feedback device. It displays the real-time force information measured from the data acquisition card (NI-DAQ 6104, National Instruments). The haptic device also works as a joystick, through which the operator can input the position command.
Using the nano-robotic system, the DNA can be cut, deformed, elongated, or manipulated to a desired location. In order to achieve the real-time visual feedback, the behavior model of DNA molecules has been developed to update the real-time visual display in the augmented reality interface [17] . However, some inevitable position errors still cause problems for the visual feedback during manipulation. In order to overcome this problem, a local scan mechanism is developed to correct the position errors. A quick local scan action is performed after each operation to obtain the actual position of each DNA. The local scan makes the movie-like image display reliable and accurate, especially for the starting and ending positions. The local scan mechanism for rigid nano-objects such as nano-particles and nano-rods is explained in detail in ref. [18] .
The local scan mechanism for DNA molecules is the same as those for nano-particles and nano-rod except for the scanning patterns. The local scan patterns after manipulation are performed as follows: First scan line LO is along the tip pushing direction, the second and the third scan lines LA and LB are along the pushing direction but passing the modeled unchanging edges. True positions of the DNA across these three scanning lines are A', B', and C' respectively as shown in Figure 4(a) . Using the position of A', B', and C', a more accurate matching curve will be drawn to replace the previously modeled curve. If either of the scanning line LA or LB finds the position of DNA unchanged, one more scanning line is generated on the unchanged side with closer distance to the first scanning line LO. For example, if scanning line LA finds no changes across the DNA, another scanning LA' is performed as shown in Figure 4 (b). The DNA position is updated based on the new A', B', and C' positions. Figure 5 shows the DNAs are manipulated by the nano-robotic system.
VI. MEASUREMENT RESULTS AND DISCUSSION
The electrode pair was prepared as described in Section II. The I-V curves of the bare electrodes before and after DNA deposition were characterized under different conditions as shown in Figure 6 (The current is measured by a Keithley 6487 Picoammeter with resolution of 10 fA).
Before DNA deposition, the chip was heated at 200 ºC for 20 minutes to remove moisture from the electrodes and then the chip was cooled down at room temperature in a desiccator purged with argon. The I-V characteristics of the bare electrodes were measured in a chamber filled with argon (star curve in Figure 6 ), which shows an insulating behavior of the bare electrodes in argon. After the electrodes exposed in air for 1 hour, further measurement shows an obvious increase of conductance due to the moisture in the air (triangular curve in Figure 6 ).
The raw DNAs were deposited as described in Section IV. Figure 7 shows one DNA bridges a electrode pair after manipulation. The chip was heated at 70 ºC for two hours to remove the moisture on DNA and electrodes and then cooled down at room temperature in a dessicator purged with argon. The I-V characteristics of the electrode pair bridged by DNA were measured in a chamber filled with argon. The measurement result (Figure 6 square curve) shows very little conductivity, which is also weaker than the bare electrodes in air. After the sample exposed to air for 1 hour, the conductivity of DNA significantly increases as shown in Figure 6 (circle curve).
From the measurement results, it can be concluded that DNA is conductive but its conductivity is significantly affected by the water molecules in air. DNA itself shows very weak conductivity in the length of 500nm. The conductivity of short DNA needs to be further investigated. Although the short gap electrode pairs are practicable by the nano-robotic cutting, the deposition of DNA to these electrodes gaps is extremely difficult. We are still working on these experiments in order to obtain more conclusive results. A vacuum condition is also necessary to further study the electrical property of DNA molecules, which will be performed soon. 
